ABSTRACT: We used the concept of growing degree-days (GDD) as a measure of the agricultural potential of climate on a regional scale in the southern part of the Russian Far East, the climate of which is characterized by thermal extremes. Daily maximum and minimum air temperatures were used to calculate GDD at 17 locations using threshold base air temperatures of 0, 5, 10 and 15°C, with a high-temperature threshold cut-off of 30°C. GDD increased from north to south in the study area, but the mean GDD varied considerably from one location to another. Marginal thermal conditions were observed in the north, both in the elevated areas and in the coastal regions. There was a high correlation between GDD and mean monthly temperature for the growing season from May to September (T59), such that the latter can be used as a proxy for GDD, which has implications for agricultural management. GDD and T59 had an upward trend over the period for the study region as a whole. The most significant upward trend was observed for GDD0, while results for GDD15 exhibit little or no trend.
INTRODUCTION
Many environmental factors affect the distribution, growth and biological development of plants, but most relate to climate (Wiggans 1956 , Brown 1960 , Chirkov 1965 , Edey 1977 , Idso et al. 1978 , Russelle et al. 1984 , McMaster & Smika 1988 , Gordon & Bootsma 1993 , Karing et al. 1999 , Wielgolaski 1999 , Førland et al. 2004 , Gavilán 2005 . In terms of climatic indictor variables based on standard climate data, air temperature and precipitation are the most important. The former is particularly important because it is linked both directly and indirectly to other indicators such as soil temperature, day length (photoperiod) and solar radiation. Moreover, the cumulative effect of daily air temperature over the longer term is an important indicator of plant growth potential and crop yield (Wang 1960 , Idso et al. 1978 , Schwartz et al. 2006 . It has been found to statistically explain 95% of the variability in plant development (Russelle et al. 1984) . Temperature is also the main limiting factor for plant growth, especially in temperate zones and at high latitudes (Wiggans 1956 , Førland et al. 2004 .
Various climatic indices based on air temperature that show the heat accumulation necessary for plant development have been proposed for use primarily in agricultural management processes (Cross & Zuber 1972 , Bootsma 1994 , Dwyer et al. 1999 , Snyder et al. 1999 , Bootsma et al. 2004 , Gavilán 2005 , Gordeev et al. 2006 . The notion of accumulated heat units was introduced almost 300 yr ago by the French scientist R. A. F. de Réaumur (Wang 1960 , Mederski et al. 1973 . Agro-climatic indices used to quantify the rate of development of crops have evolved from this. They include simple heat units based on the accumulation of daily mean temperatures above a certain threshold temperature during growing period (Wiggans 1956 , Brown 1960 , Wang 1960 , Baskerville & Emin 1969 , Chen 1973 . Others are: the sum of effective temperatures (Chirkov 1965 , Gordeev et al. 2006 ; effective degrees (Gilmore & Rogers 1958) ; the accumulated heat unit (Mederski et al. 1973) ; growing degree units (Darby & Lauer 2002 ); P-days, which is a heat unit for the growth and development of potatoes (Sands et al. 1979) ; corn heat units, used to define the relationship between temperature and the development of corn hybrids (Smith et al. 1982 , Bootsma 1994 , Dwyer et al. 1999 , Bootsma et al. 2004 ; the general thermal index, developed from statistically fitted maize development temperature response functions for the vegetative and grain-filling periods (Dwyer et al. 1999) ; and photothermal units (McMaster & Smika 1988) .
There have been other approaches. One method calculates sums of positive temperatures over a period above a given threshold temperature (T base ), referred to as active temperatures for the growth period starting from the date of the onset of spring (e.g. Davitaya 1965 , Kelchevskaya 1971 , Karing et al. 1999 , Gordeev et al. 2006 . The sum of biologically active temperatures (T ac ) is given as:
( 1) where T i is mean daily temperature (°C) and i = 1, 2…n is the number of days with mean temperature above the respective threshold or base temperature (T base ), marking the start of the growing season (Table 1) . The concept of active temperatures is very similar to the widely used growing degrees-days (GDD), but is not the same. In the case of T ac , all positive temperatures under the diurnal temperature curve are summed during the period with temperatures above the respective threshold. For the calculation of GDD, days with temperatures above the base threshold inside this period are summed. The main difference is that in the case of T ac , all of the heat supply above 0°C is assessed, whereas for GDD, only the heat supply above a given base threshold is accounted for (Fig. 1) .
The GDD concept recognizes that plant development will occur only when the temperature exceeds a specific base temperature for a certain number of days. It is a measure of the heat a plant requires to mature and yield a successful crop. It neglects additional environmental factors and different responses of plants to the same temperature during various stages of their life cycle, but it has been widely used due to practical utility in agricultural, phenological and other studies (Wang 1960) . GDDs are used to predict the growth stages of major crops, temperate latitude crops in particular, such as soya bean, maize and wheat; it is also useful in planning precautionary measures against insect pest and disease attacks on crops (Gilmore & Rogers 1958 , Wang 1960 , Baskerville & Emin 1969 , Smith et al. 1982 , Russelle et al. 1984 , McMaster & Smika 1988 , Gordon & Bootsma 1993 , Bootsma 1994 , McMaster & Wilhelm 1997 , Dwyer et al. 1999 , Roltsch et al. 1999 , Cesaraccio et al. 2001 , Førland et al. 2004 , ) is used define the beginning and end of an appropriate growing season, which is described as accumulations of biologically active temperature (T ac ) or growing degree-days (GDD) using mean daily climatic data. For illustrative purposes, the annual temperature cycle is shown as a sine curve Matzarakis et al. 2007 , Fealy & Fealy 2008 . The GDD index is derived from standard climate station data and may be based on long-term mean daily temperatures; alternatively, it may be calculated from data for a given year, in which case it will take into account weather variability and is used to explain seasonal and year-toyear changes in crop yield and, therefore, economic performance. GDD is a useful climate-impact indicator as it provides objective information to users whose activities require them to manage climate risks and opportunities; additionally, GDD could provide insight from historical trends and help predict the effects of climate fluctuation or change on present-day agricultural practices (Easterling & Kates 1995) . In the past, it appears most analyses of regional temperature series have used time series of monthly mean temperatures or growing season averages (Folland et al. 1990 , Jones & Briffa 1992 , Karl et al. 1993 , Jones 1994 ). Few analyses have been undertaken with daily time series. Analyses of daily data may produce results that are quite different to inferences based on analyses of monthly mean statistics (Jones & Briffa 1995) . For example, Vedin (1990) found that the growing season in Scandinavia was longer during the cooler 1979-1988 decade compared to the warmer decade of 1931-1940, demonstrating the point 'that it is extremes rather than averages that create limits in nature' (Vedin 1990, p. 155) . With this in mind, the present study determined the utility of GDD as an agro-climate indicator for a thermally extreme midlatitude climate for which this has not previously been studied. We derived daily time series for climate stations for that part of the Russian Far East with the most extreme annual temperature amplitude -namely, the southern part -and explored how this data is related to the mean temperature over the growing season.
A further consideration is that-for the vast majority of national economies -agriculture is the economic sector that is most directly exposed to the vagaries of climate, and is therefore also likely to be most vulnerable to climate change and variability, whether natural or humancaused. However, there is considerable disagreement about the magnitude of potential impacts. To assess the impact of change, one must first gauge the significance of current climate to agriculture, and much depends on the choice of an appropriate climatic metric. A regional assessment of GDD may be useful in this regard.
METHODS

Calculating GDD
There are several methods of GDD calculation, including estimation using models, each of which have advantages as well as shortcomings (Roltsch et al. 1999) . The approach using hourly air temperature data is the most accurate, and only needs data from an automatic weather network (Cesaraccio et al. 2001) . The method of GDD with mean air temperature calculated as the average of minimum and maximum daily temperatures is the most common in agricultural and phenological research (Gilmore & Rogers 1958 , McMaster & Smika 1988 , Bootsma 1994 , McMaster & Wilhelm 1997 , Dwyer et al. 1999 , Matzarakis et al. 2007 , Fealy & Fealy 2008 . The method that uses 3 h interval temperatures to estimate mean temperature arrives at the average of 8 daily temperature ratings (Gilmore & Rogers 1958 , Davitaya 1965 , Gordeev et al. 2006 , Grigorieva 2008 .
The simplest form of GDD is calculated by:
(2)
where T i is the mean air temperature (°C) on the ith day of the growing season, where i = 1, 2, … m days with a temperature higher than the base or threshold temperature (T base , °C) during the growing season, and T max and T min are the daily maximum and minimum air temperatures (°C), respectively (McMaster & Smika 1988 , Gordon & Bootsma 1993 , Bootsma 1994 , McMaster & Wilhelm 1997 , Snyder et al. 1999 . In this way, all temperatures under the diurnal temperature curve and over the threshold value are summed (see Fig. 1 ). GDDs required to reach maturity of the specific crop are calculated from: (4) where, in contrast with Eq. (1), n is the date of planting and m is the date of maturity (Dwyer et al. 1999 ), or n is the day beginning at growth stage s 1 and m is the beginning of growth stage s 2 (McMaster & Smika 1988).
Lower and upper thresholds
Plants have adapted to grow best above a certain temperature, below which there is no plant development. Each crop type has its own base temperature threshold (T base ). Table 1 lists values of T base for a variety of agricultural crops. Typically, in general assessments of thermal impact on crops, 0, 5, 10 and 15°C are taken as base or threshold temperatures (Kelchevskaya 1971 , Edey 1977 , Gordon & Bootsma 1993 , Karing et al. 1999 , Gordeev et al. 2006 , Fealy & Fealy 2008 , Grigorieva 2008 due to the close relationship of these
temperature limits with the onset and end of the main crop development. The particular threshold valuesas used in studies by Russian or the former USSR's researchers -are described as follows (Gordeev et al. 2006 ): > 0°C: commencement of warm season; > 5°C: start of period of active plant growth; >10°C: beginning of main growth period for the main cold-resistant wild and cultivated plants; >15°C: conditions best suited to heat-loving plants.
In the present study, these lower base thresholds were used for all the degree-day calculations.
High air temperatures, as with low temperatures, may drastically reduce plant development and growth rates, or even stop development (Wang 1960 , Bootsma 1994 , Roltsch et al. 1999 , Snyder et al. 1999 . Two approaches are used apply upper thermal thresholds in agro-climate indices (Baskerville & Emin 1969 , Roltsch et al. 1999 . The first uses a horizontal cut-off in which all temperatures above the upper threshold are considered to have equal value in GDD summations. In the second approach, it is assumed high temperatures stop growth, and no heat units are accumulated for the period when temperatures exceed this upper limit. Baskerville & Emin (1969) found that the difference between the two is often small and never exceeded 5% of the accumulated sum of heat units for the data they used. Upper temperature thresholds (T UT ) for a variety of crops are given in Table 2 . Typically, a T UT of 30°C is employed (Table 2 ). In the present study, the method estimating horizontal high-temperature threshold cut-off, described by Baskerville & Emin (1969) and Matzarakis et al. (2007) , was used with a T UT of 30°C. All values of T i , T max or T min are reset to T UT if they exceed T UT (McMaster & Wilhelm 1997 , Matzarakis et al. 2007 .
In the present study, GDD was calculated according Eqs. (1) and (2) using the upper and lower thresholds described above. However, it is necessary to specify which of the 2 methods are used to relate the lower T base to the term T i = (T max + T min )/2, since differences can result depending on the method used. McMaster & Wilhelm (1997, p. 291) found that not recognizing the discrepancy between the 2 methods 'can result in confusion and add error in quantifying relationships between heat unit accumulation and timing of events in crop development and growth, particularly in crop simulation models'. They assert that the onus is on the researcher to clearly communicate the method of calculating GDD so others can correctly interpret and apply the reported results. According to McMaster &Wilhelm (1997, p. 293) , 'the important distinction between the two methods is when temperatures are compared to the base temperature. In Method 1, the comparison to T base occurs after calculating, whereas in Method 2 the comparison to T base is made before calculating (T max + T min )/2 by comparing T max and T min to T base individually'. To estimate GDD in the present study, we used the second method.
Estimation of mean daily temperature
Typically, in Russian investigations, mean daily air temperature T i is calculated using temperatures taken at 3 h intervals (Kelchevskaya 1971 , Gordeev et al. 2006 : (5) where T k (°C) is air temperature at the standard time of observation and k = 1…8. This is the standard approach in studies by researchers from Russia and the former USSR (Chirkov 1965 , Davitaya 1965 , Kelchevskaya 1971 , Karing et al. 1999 , Gordeev et al. 2006 , Grigorieva 2008 , or those based on data from the Russian weather station network (as in Jones & Briffa 1995) where 3 h interval data is used (Eq. 5). Typically, in non-Russian research, T i is calculated as:
We found only one case in which T i was arrived at using the mean of 8 daily temperature ratings in comparison with mean of maximum and minimum ratings (Gilmore & Rogers 1958) . Given that data for temperatures at 3 h intervals (Eq. 5) are not readily available for all weather stations, following Gilmore & Rogers (1958) we used Eq. (6) due to its simplicity and reliance on the daily minimum and maximum method, along the lines of studies by Chen (1973) , Mederski et al. (1973) , McMaster & Smika (1988) , Gordon & Bootsma (1993) , Bootsma (1994) , McMaster & Wilhelm (1997) , Dwyer et al. (1999) , Darby & Lauer (2002) , Bootsma et al. (2004) , and Matzarakis et al. (2007) . Gilmore & Rogers (1958) emphasized that using temperatures at 3 h intervals was slightly superior to daily maximum and minimum readings; however, on the whole they con- Sands et al. (1979) cluded the difference between 2 methods was very small. This is an important consideration, the veracity of which will be examined in the present study.
Study area and data
The study area was located in the south of the Russian Far East (Fig. 2) , the climate of which is midlatitude monsoon, characterized by an extreme continental annual temperature regime. The area covered extends from latitudes 43 to 59°N and from longitudes 127 to 143°E. Table 3 shows that the 1961-1990 normal annual temperature here varies between -5.4°C at Ekimchan to 5.7°C at Pogranichnyi. The annual temperature ranges from 28.2°C over the coastal part of the study area to 52.7°C in the continental interior.
The data used for 17 climate stations are daily mean, maximum and minimum air temperature over the period 1966 to 2005. The network of stations is limited but is representative of a range of climate regions of the Russian Far East (Fig. 2) for each day were those measured by minimum and maximum thermometers. Mean daily air temperature was calculated using 3 h interval temperatures.
Data for 5 mo of the high-sun period of the year were used (May to September). Linear regression analysis was used to identify trends. The statistical significance of the trends was tested using the chi-squared test and the Fisher-Snedecor F-test. The level of significance was set to p ≤ 0.05. Calculated F-values were compared with empirical F-values equal to 4.08 for the 40 yr series.
RESULTS
GDDs were calculated for each location within the Russian Far East region using base temperatures described earlier (Fig. 3, Table 4 ). First we used the 0°C base (GDD0) to mark the commencement of the warm season or growing season. The highest values appeared at the continental location of Pogranichnyi in the southern part of the study area, where a GDD of 3212 was found. This is more than twice that the value at Okhotsk (GDD0 = 1459), a coastal location in the north of the region still under the influence of cold maritime air. This pattern was seen elsewhere, in high GDDs at the continental stations in the south, namely, Dalnerechensk, Yekaterino-Nickolskoe, Blagoveschensk and Khabarovsk. GDDs for the coastal areas were considerably lower, ranging from 1530 at Ayan at northern coast of the Okhotsk Sea to 2208 at Zolotoi and 2968 at Vladivostok on southern coast of the Japan Sea. The elevated locations at Bomnak and Ekimchan showed intermediate GDDs of 2236 and 2114, respectively (Fig. 3, Table 4 ).
The 5°C GDD base temperature (GDD5) indicates the start of period of active plant growth. The spatial distribution of GDD5 is similar to that of GDD0. Values of GDD5 ranged from 767 at Okhotsk in the northern coastal part of the study area to almost 3 times this value (GDD5 = 2246) at the continental location of Pogranichnyi to the south. Throughout, continental areas had higher GDD5 values than coastal locations (Fig. 3, Table 4 ).
The spatial variability of GDD10 characterizes the beginning of the main growth period for the main coldresistant plants and, thus, active plant growth for most agricultural crops. The highest value was found at Pogranichnyi (1416), a GDD10 five times greater than that for Okhotsk (290). There were large differences in GDD10 between continental and coastal locations at the same latitude; e.g. the GDD10 at Yekaterino-Nickolskoe was 2.3 times that of Zolotoi. The far north continental stations are on elevated land, where the contrast with the coastal stations is not as large (Fig. 3 , Table 4 ).
Climatic conditions best suited to heat-loving plants are described by GDD15. The difference in GDD15 between the north and south of the region varied by up to a factor of 11, ranging from 67 at Okhotsk to 771 at Pogranichnyi, which is a manifestation of the great contrast in conditions between the 2 geographical extremes in summer. The spatial patterns were similar to those described for GDD0, GDD5 and GDD10, but with a significant reduction in the absolute values.
Year-to-year fluctuations in GDDs can differ greatly from the period mean values. The root mean square deviation (RMSD) and coefficient of variation (CV) of GDD are used as a measure of temporal variability. The results show that SD and CV differ from place to place and indicate changeable interannual variability of GDD (Fig. 3 , Table 4 ). The CV is more informative as it gives an indication of relative temporal variability. The results show that variability increases from the lower thermal base (GDD0) to the highest (GDD15), indicating the unreliability of thermal climatic resources during the summer period (Table 4) . Also apparent is the spatial variability in CV, with higher values at coastal locations; e.g. Ternei, Zolotoi and Vladivostok, and especially in the north at Ayan, Okhotsk and Nikolayevsk-on-Amur. This may be explained by the influence of oceanic air.
To explore how these results are related to the mean temperature of the growing season, the mean temperature for the 5 warm-season months May to September (T59) was estimated using 2 methods. The first method (T59 1 , Eq. 5) calculated the mean of eight 3 h interval temperatures and the second (T59 2 , Eq. 6) calculated the mean of minimum -maximum values. The results summarized in Table 5 show that the particular method used is important, as there are comparatively large differences in the values for T59 1 and T59 2 . This finding is at odds with that of Gilmore & Rogers (1958) described earlier.
Spatial patterns of T59 are very similar to those for GDD, with lower temperatures to the north, on coastal land and in elevated terrain. Results show that mean temperatures calculated from maximum and minimum values (T59 2 ) for the same day are higher than those computed using 3 h interval data (T59 1 ) at all climate stations, but with a high degree of correlation (Table 5) . We cannot find any explanation for the spatial disparity in differences between T59 2 and T59 1 . It might be due microclimatic differences between climate stations or inhomogeneities in the data.
We also examined correlations between GDD and T59 using T59 2 (Table 6) . Inspection of Table 6 shows a strong relationship between these variables. For each location there is a particular GDD threshold category that corresponds with the thermal conditions characteristic of the region. For example, Okhotsk is located in the cooler north of the study region, where T59 is closer to GDD0, whereas Dalnerechensk is located in the warmer southern area, where T59 is closer to GDD15.
Scattergrams of GDDs against T59 using mean station values were also used to examine the relationship between the 2 variables (Fig. 4) . Fig. 4 reveals the strongest relationship between GDD0, GDD5, GDD10 and GDD15 and T59 for data from 17 stations (R 2 = 0.99, 0.99, 0.97 and 0.89, respectively), showing spatial coherence. The next step was to examine the data for temporal changes. Simple linear trends over the period 1966-2005 were estimated by regression for each station for each of the 5 variables: GDD0, GDD5, GDD10, GDD15 and T59. These values were multiplied by 40 to extend the trend statistics over the 40 yr data period (Table 7) . The steepest trend occurred in the case of Ternei and the smallest in the case of Nickolaevsk-on-Amur. The significance of the trends was tested using the Fisher-Snedecor F-test.
Calculated F-values show that T59 and GDD at all thresholds are significant (i.e. greater than empirical F-value of 4.08, data not shown) for all GDD and T59-series at the northern coastal stations (Okhotsk and Ayan) and 2 continental stations (Poliny-Osipenko and Blagoveschensk), and for all southern climate stations -coastal (Zolotoi, Ternei and Vladivostok) and continental (Dalnerechensk and Pogranichnyi). The results show statistically significant positive trends at these regions. However, this was not the case for the coastal Nickolaevsk-on-Amur and continental climate stations (Bomnak, Ekimchan, Norsk, Chekunda, Arkhara, Yekaterino-Nickolskoe and Khabarovsk). An example of typical trends in GDD is shown in Fig. 5 for Yekaterino-Nickolskoye for the period 1966-2005. Generally speaking, there is warming in some regions but not others, though everywhere GDD0 shows the most significant positive temporal change. 
DISCUSSION
The mean value of GDDs varied considerably from region to region, but by and large followed the main geographical pattern of temperature distribution: the magnitude of GDD increased from north to south and decreased towards the coast as well as from elevated land areas to the plains. The largest contrast occurred between Pogranichnyi (44°24'N) and Okhotsk (59°11' N). This spatial difference in thermal supply increased from the warm period to summer by a factor of 2 to 11. The most noticeable spatial gradient occurred at locations at similar latitudes, which is explained by the distance from Pacific coastal waters. For example, the gradient contrast for all degree days (GDD0, GDD5, GDD10 and GDD15) between YekaterinoNickolskoe (inland continental, 47°44' N (Table 4) . The strong correlation between GDD and T59 for the study region has important implications for agricultural management. Jones & Briffa (1995) suggest T59 data may be used for estimation of GDD5 in the regions of the world where data are not available for calculation of GDD. The results of the present study show this to be the case, although this depends on the thresholds used, shown by the correlation coefficients for the various GDD categories and T59 (Table 6 , Fig. 4) . In summary, GDD0 may be approximated by the average monthly temperature T59 at Okhotsk, the northernmost station; GDD5 by T59 at Ayan, Bomnak, Nickolaevsk-on-Amur, Poliny-Osipenko and vicinity, GDD10 by T59 at southern stations such as Yekaterino-Nickolskoye, Khabarovsk, Pogranichnyi and vicinity; and GDD15 by T59 at Blagoveschensk and Dalnerechensk, the southernmost stations.
Temporal trends in both GDD and T59 show mainly positive changes over the 1966-2005 period, confirming what may be part of a general global warming trend. The largest positive trend was observed for GDD0, indicating increasing heat accumulation for the warm season. In contrast, GDD15 showed little change, indicating heat accumulation at higher thresholds levels have not changed significantly. Both of these trends imply warmer spring periods but not warmer summers. The biggest increase in temperature occurred in the south near Ternei, which showed a strong positive trend.
There are no comparable studies in the literature on similar climate regions and at equivalent latitudes. Future studies such as this may produce data sets on which comparisons can be usefully made.
CONCLUSIONS
The objective of the present study was to develop a GDD tool as an agro-climate indicator and describe its implementation with daily time series for a thermally extreme mid-latitude climate where this has not previously been studied. Typically, in regions with very low cold-season temperatures, summer temperatures are also relatively low. For the climate examined here, the opposite is the case. The study area is characterized by extremely low temperatures during the lowsun period of the year but also very high temperatures during the high-sun period of the year. Results can be used to explore how these climatic characteristics are related to the mean temperature of the growing season, and will provide valuable information for agricultural management.
The results show the mean values of various categories of GDD vary considerably from one location to another. Generally, GDD unit accumulations increased from north to south, from interior continental locations to the coast and from mountainous locations to the plains. Thermal conditions in the southern part of the study area meet the growth requirements of all the plants cultivated there, which include wheat, corn, soybeans, vegetables and even rice at the warmest locations. Low thermal resources observed in the north, in the elevated areas and in the coastal regions are only sufficient for growing vegetables in greenhouses, as well as some forage crops and potatoes.
Temporal variability of GDD and average temperature between May and September showed principally positive temporal changes over the period 1966-2005, confirming a general warming trend. The most significant positive trend was observed for GDD0, indicating that the study region has experienced an increase in duration of the 'warm season'. By contrast, GDD15 shows little change, indicating heat accumulation at higher threshold levels has not changed significantly.
Generally speaking, estimates of biologically active temperature accumulation have a variety of uses. While GDD cannot be forecasted, climate data archives can be used to assess growth potential and provide a measure of the probability of success for particular crop. For example, a particular area may have a GDD10 of 1400. If the crop to be grown requires a minimum of 1200 GDD, the frequency (number of years) with 
